Sialic acid-binding immunoglobulin-like lectins (siglecs) are predominately expressed on immune cells. They are best known as regulators of cell signaling mediated by cytoplasmic tyrosine motifs and are increasingly recognized as receptors for pathogens that bear sialic acid-containing glycans. Most siglec proteins undergo endocytosis, an activity tied to their roles in cell signaling and innate immunity. Here, we investigate the endocytic pathways of two siglec proteins, CD22 (Siglec-2), a regulator of B-cell signaling, and mouse eosinophil Siglec-F, a member of the rapidly evolving CD33-related siglec subfamily that are expressed on cells of the innate immune system. CD22 exhibits hallmarks of clathrin-mediated endocytosis and traffics to recycling compartments, consistent with previous reports demonstrating its localization to clathrin domains. Like CD22, Siglec-F mediates endocytosis of anti-Siglec-F and sialoside ligands, a function requiring intact tyrosinebased motifs. In contrast, however, we find that Siglec-F endocytosis is clathrin and dynamin independent, requires ADP ribosylation factor 6, and traffics to lysosomes. The results suggest that these two siglec proteins have evolved distinct endocytic mechanisms consistent with roles in cell signaling and innate immunity.
The siglec (sialic-acid binding immunoglobulin [Ig]-like lectins) proteins are subset of the Ig superfamily of cell recognition molecules that bind to sialic acid-containing glycans of cell surface glycoconjugates as ligands (27, 78) . Of the 13 human and 9 murine siglec proteins, 4 are highly conserved in mammalian species: sialoadhesin (Sn)/Siglec-1, CD22/Siglec-2, myelin-associated glycoprotein (MAG)/Siglec-4, and Siglec-15. The others comprise a rapidly evolving subfamily homologous to CD33/Siglec-4, known as the CD33-related siglec proteins. With two exceptions (MAG and Siglec-6) the siglec proteins are predominantly expressed in various white blood cells of the immune system (25, 43, 78, 85) . All contain a N-terminal V-set sugar-binding Ig domain, a variable number of additional C-set Ig domains, a transmembrane domain, and a cytoplasmic domain that typically contains tyrosine-based motifs implicated in regulation of cell signaling and endocytosis.
Many of the siglec proteins contain one or more immunoreceptor tyrosine-based inhibitory motifs (ITIMs), (I/L/V)XYXX (L/V), suggesting that they play important roles as inhibitory receptors of cell signaling (25, 78) , as exemplified by CD22, which is well documented as a regulator of B-cell receptor (BCR) signaling. Upon antigen binding to the BCR, the ITIMs of CD22 are quickly tyrosine phosphorylated and recruit protein tyrosine phosphatase SHP-1, which dephosphorylates the BCR and dampens the B-cell response, setting a threshold for B-cell activation (27, 73) .
CD22 is also known to undergo endocytosis following ligation by anti-CD22 antibody (38, 64) or high-affinity multivalent-sialoside ligands (22) . The tyrosine-based ITIMs of CD22 also fit the sorting signal YXXØ (where Ø is a hydrophobic residue) for association with the adaptor complex 2 (AP2), which directs recruitment of receptors into clathrin-coated pits (13) . John et al. reported that CD22 associates with the AP50 subunit of AP2 through these tyrosine-based motifs and that they are required for endocytosis (37) . Consistent with this observation, CD22 is predominantly localized in clathrin-rich domains (23, 34) . Antigen ligation of the BCR results in mobilization of the BCR to "activation rafts," which subsequently fuse with clathrin domains prior to endocytosis (69, 70) . Since CD22 is specifically excluded from activation rafts (54) , the negative regulatory effect of CD22 on BCR signaling has been proposed to occur following its movement to clathrin domains (23) , linking the endocytic activity of CD22 to its role in regulation of BCR signaling.
Sn and most CD33-related siglec proteins are expressed on cells of the innate immune system, including monocytes, macrophages, neutrophils, eosinophils, and dendritic cells (25, 43, 50, 85) , focusing investigations into their precise functions on the known activities of these cells. Like CD22, ligation of CD33-related siglec proteins (CD33 and Siglec-5, -7, and -9) also induces recruitment of SHP-1 via phosphorylated ITIMs (6, 7, 53, 72) . Antibody ligation of the same siglec proteins initiates their endocytosis, suggesting that endocytic activity is also a general property of this subfamily (9, 38, 50, 81, 84) . Over 20 pathogenic microorganisms express sialic acid-containing glycans on their surface (25) . Recent demonstration of the binding or uptake of several sialylated pathogens, including Neisseria meningitidis, Trypanosoma cruzi, Campylobacter jejuni, and group B Streptococcus, by Sn and Siglec-5, -7, and -9 has suggested various roles of these siglec proteins in the immune responses to these organisms (8, 18, 25, 30, 38, 45) . Since mechanisms of pathogen entry and engulfment are increasingly recognized to involve the host cells' endocytic machinery (12) , the endocytic functions of the siglec proteins are also relevant to their roles in pathogen recognition and uptake.
In this report, we contrast the mechanisms of endocytosis of CD22 and a CD33-related siglec, murine Siglec-F, predominately expressed on eosinophils (85) . Eosinophils are best known for their role in allergic diseases (62) . In this regard, a recent report analyzing Siglec-F null mice revealed enhanced eosinophil infiltration and blood eosinophilia in response to allergen challenge, suggesting that Siglec-F is a negative regulator of eosinophil response to allergens (86) . Eosinophils also contribute to an immune response against foreign pathogens, including binding, engulfment, and killing of microbes (1, 15, 19, 32, 36, 83) . While investigating the endocytic activity of Siglec-F, we observed efficient endocytosis of anti-Siglec antibody, high-affinity sialoside ligand probes, and Neisseria meningitidis bearing sialylated glycans. Like CD22, endocytosis was dependent on its cytoplasmic ITIM and ITIM-like motifs. Surprisingly, however, Siglec-F exhibited no colocalization with clathrin, raising doubt that it was endocytosed by a clathrin-mediated mechanism, as proposed for CD22. More detailed investigations showed that while endocytosis of CD22 is indeed mediated by a clathrin-dependent mechanism and is sorted to early endosome and recycling compartments, Siglec-F endocytosis is directed to lysosomal compartments and is mediated by a mechanism that is independent of clathrin and dynamin. The results suggest that siglec proteins have evolved different mechanisms of endocytosis consistent with roles in regulation of cell signaling and innate immunity.
MATERIALS AND METHODS
Antibodies and reagents. Purified rat anti-Siglec-F (E50-2440), phycoerythrin (PE)-conjugated anti-Siglec-F (E50-2440), fluorescein isothiocyanate (FITC)-conjugated anti-human CD22 (HIB22), PE-Cy5-streptavidin, anti-Syntaxin-8 (48) , and anti-EEA1 (14 polyclonal antibodies) were purchased from BD Biosciences-Pharmingen (San Diego, CA). Anti-hamster LAMP2 (UH3) was purchased from the Developmental Studies Hybridoma Bank. Anti-clathrin heavy chain (x22) was purchased from Abcam. Affinity-purified sheep anti-Siglec-F IgG was prepared as described previously (85) . Alexa Fluor 488 (AF488)-and AF555-goat anti-mouse IgG, AF555-anti-mouse IgG1, and AF555-anti-mouse IgG2a, AF555-conjugated goat anti-rat IgG, AF555-goat anti-rabbit IgG, Quantumdot 655 (Qdot655)-streptavidin, and AF488-streptavidin were purchased from Invitrogen. FITC-donkey anti-sheep IgG and FITC-donkey anti-rabbit IgG were purchased from Jackson Immunoresearch (West Grove, PA). Anti-CD45 and anti-CD90 antibody-conjugated magnetic beads were purchased from Miltenyi Biotech (Auburn, CA).
Synthesis of high-molecular-mass sialoside-PAA probe. Biotinylated low-molecular-mass (30 kDa) sialoside-polyacrylamide (PAA) conjugates bearing Neu5Ac␣2-3[6-SO 4 ]Gal␤1-4[Fuc␣1-3]GlcNAc (6Ј-sulfo-sLe X ) or 9-biphenylcarbonyl (BPC)-Neu5Ac␣2-6Gal␤1-4GlcNAc were synthesized by coupling spacered oligosaccharides and spacered biotin to poly (4-nitrophenyl acrylate) as described previously (16) Biotinylated high-molecular-mass (1,000 kDa) PAA conjugates were synthesized by coupling spacered oligosaccharides and spacered biotin to poly (N-oxysuccinimide acrylate) as described previously (67) ; the 1,000-kDa lactose conjugate was obtained from The Consortium for Functional Glycomics.
Mice. The IL5 transgenic (IL5-Tg) mouse line NJ.1638 was the generous gift of James J. Lee (Mayo Clinic, Scottsdale, AZ) (41) . C57BL/6 mice were obtained from the Scripps Research Institute. Protocols were conducted in accordance with the National Institutes of Health and the Scripps Research Institute.
Plasmids. The full-length cDNA fragment of Siglec-F and human CD22 was amplified by PCR and cloned into pcDNA5/FRT/V5-His vector (Invitrogen) (71) . Site-directed mutagenesis was performed using a Genetailor site-directed mutagenesis system (Invitrogen). The primers used for construction of Siglec-F mutants were as follows: for T535F, 5Ј-GGATGAGCCTGAACTCCACTTTG CCTCCCTC-3Ј (sense) and 5Ј-GGATGAGCCTGAACTCCACTTTGCCTCC CTC-3Ј (antisense); for T568F, 5Ј-GGAGGCTATGAAATCTGTATTCACAG ACATC-3Ј (sense) and 5Ј-TACAGATTTCATAGCCTCCGTGTTCTGAG-3Ј (antisense); and for the cytoplasmic tail deletion, dC, 5Ј-TTTTCACAGTGAA GGTCCTCTGATAGAAATCAGCCC-3Ј (sense) and 5Ј-GAGGACCTTCACT GTGAAAAAGATGAGGCA-3Ј (antisense). Dynamin-1 cDNA constructs (wild type [WT] and K44A) were obtained from Sandra L. Schmid (The Scripps Research Institute, San Diego, CA). ADP ribosylation factor 6 (ARF6)-enhanced green fluorescent protein (EGFP) cDNA constructs (WT, T27N, and Q67L) were obtained from Julie G. Donaldson (National Institutes of Health, Bethesda, MD). Cells were grown to 70 to 80% confluence on coverslips and transiently transfected with plasmid using Lipofectamine 2000 (Invitrogen).
Cell culture. CHO cells were cultured in Ham's F-12 medium, respectively, supplemented with 10% fetal calf serum, penicillin (100 U/ml), and streptomycin (100 g/ml). Stable clones of CHO cells expressing Siglec-F, Siglec-F mutants, and human CD22 were generated by Lipofectamine 2000 (Invitrogen) and selection in 0.5 mg/ml hygromycin B (Roche Molecular Biochemicals).
Agent treatments. Cells were preincubated for 30 min at 37°C in Ham's F-12-10% fetal calf serum medium containing 10 mM methyl-␤-cyclodextrin (CD) (Sigma-Aldrich), 5 M latrunculin A (Sigma-Aldrich), 1 M jasplakinolide (EMD Biosciences, CA), 100 M genistein (Sigma-Aldrich), 100 M PP2 (EMD Biosciences), 100 M sodium pervanadate, 1 M nocodazole (Sigma-Aldrich), 10 M amiloride (Sigma-Aldrich), 50 M nystatin (Sigma-Aldrich), or 10 M brefeldin A (Sigma-Aldrich). Cells were then incubated with PE-anti-Siglec-F in the continued presence of the agents at 37°C for 1 h. Agent treatment did not affect cell viability.
Flow cytometry. Cells (5 ϫ 10 5 ) suspended in PBS/BSA (10 mM phosphatebuffered saline [pH 7.0] containing 10 mg/ml bovine serum albumin) were incubated with 10 g/ml of primary antibody or sialoside-PAA probe for 30 min on ice. After washing with PBS/BSA, cells were incubated with 10 g/ml of FITCsecondary antibody or streptavidin-Cy5-PE for 30 min on ice. For sialidase pretreatment, cells in PBS/BSA were incubated with 25 mU of A. ureafaciens sialidase (Roche Molecular Biochemicals) for 30 min at 37°C. Flow cytometry data were acquired on a FACS Calibur flow cytometer (BD Biosciences, San Jose, CA) and analyzed using the CellQuest software.
Immunofluorescence microscopy. For the internalization assay, CHO cells cultured on coverslips for 2 days were labeled with fluorescence-conjugated antibody (10 g/ml) in PBS/BSA for 30 min on ice. Cells were then incubated at 37°C for various times, and internalization was stopped by transferring the cells to ice. After washing, cells were fixed with 4% paraformaldehyde (PFA; Electron Microscopy Services) for 15 min at room temperature. For colocalization experiments, cells were further permeabilized with 0.1% saponin in PBS for 20 min at room temperature and then incubated with the desired antibody for 1 h at room temperature or 4°C overnight.
For eosinophil staining, eosinophils from IL5-Tg mice at 10 7 /ml in PBS/BSA were fixed with 2% PFA for 10 min at 4°C before staining with the desired antibodies for 30 min at 4°C. After cell surface staining, cells were cytospun onto glass slides and fixed with 4% PFA for 20 min at room temperature. Cells were further permeabilized with 0.1% saponin in PBS for 20 min at room temperature and then incubated with anticlathrin antibody (clone x22). Cells were mounted with Prolong gold antifade reagent (Invitrogen) and examined using a Zeiss Axiovert S100TV microscope equipped with a Bio-Rad MRC 1024 confocal laser scanner. Images were collected with Bio-Rad LaserSharp 2000 software and analyzed with Image J (v. 1.33), Zeiss LSM image, and Adobe Photoshop.
Bacteria. Cells of Neisseria meningitidis MC58 (NRCC 6200 Cap ϩ and NRCC 4728 Cap Ϫ ) were grown on chocolate agar in the presence of 20 g/ml CMPNeuAc to increase the level of sialylation of the lipooligosaccharide (LOS). The cells were killed by heat treatment at 68°C for 1 h. The killed cells were labeled with FITC by resuspending them first in PBS and then mixing them with 1 mg/ml FITC in sodium bicarbonate buffer at pH 9. Cells were reacted with the dye for 5700 TATENO ET AL. MOL. CELL. BIOL.
at Kresge Library, The Scripps Research Institute on July 30, 2007 mcb.asm.org 15 min and then washed extensively. Cells were observed by phase-contrast microscopy to ensure they were intact and to estimate the cell number.
RESULTS

Endocytosis of Siglec-F following ligation by antibody.
Endocytosis of Siglec-F was assessed by monitoring the decrease of anti-Siglec-F from the surface of eosinophils using flow cytometry. Siglec-F was labeled with sheep anti-Siglec-F on ice for 30 min. The temperature was raised to 37°C to initiate endocytosis, and at various times, cells were transferred to 4°C. Residual cell-surface anti-Siglec-F was then detected by incubation with FITC-anti-sheep IgG. As shown in Fig. 1a , anti-Siglec-F was internalized over time, reaching ϳ60% internalization relative to time zero after 30 min.
CHO cells are often used to study the mechanism of endocytosis of immunoreceptors (14, 39, 68) . Anti-Siglec-F bound to CHO cells stably expressing Siglec-F (SigF-CHO) was internalized at a rate similar to that observed for eosinophils ( Fig. 1 ). Anti-CD22 monoclonal antibody (MAb) was similarly internalized from the cell surface of CD22-CHO cells, with 50% internalization observed within 30 min (data not shown).
The endocytosis of Siglec-F was also assessed by monitoring the internalization of fluorescently labeled anti-Siglec-F MAb. Eosinophils or SigF-CHO cells were stained with PE-antiSiglec-F MAb at 4°C and warmed to 37°C for up to 60 min. Cell-associated antibody was monitored by flow cytometry before (total) or after removing residual cell surface antibody by a brief low-pH wash. After incubation at 37°C for 60 min, the level of intracellular PE-anti-Siglec-F MAb increased gradually over time ( Fig. 1b and c) . The combined results demonstrate that antibody ligation initiates efficient endocytosis of Siglec-F on both mouse eosinophils and SigF-CHO cells.
Mutation of tyrosines 538 and 561 abrogates endocytosis of Siglec-F. Siglec-F carries two potential cytoplasmic tyrosine- To assess whether the intact motifs are required for internalization, we designed mutant constructs substituting phenylalanine for tyrosine 538 and 561, either individually or in combination, and a cytoplasmic deletion mutant (Fig. 2a) . The internalization of the mutant Siglec-F constructs was compared to that of WT Siglec-F by flow cytometry. Although PE-anti-Siglec-F MAb was efficiently internalized in CHO cells expressing WT Siglec-F, the level of internalized antibody was significantly decreased in CHO cells expressing the double-tyrosine mutant Y538/561F (Fig. 2b) . Mutation of both tyrosines to phenylalanine reduced internalization by nearly 80% (Fig. 2c) . The inhibitory effect of the cytoplasmic deletion mutant is similar to that of the double-tyrosine mutant Y538/ 561F (85% inhibition), suggesting that the tyrosine-based motifs are dominant sorting signals. Since mutation of either Tyr538 or Tyr561 also inhibited (66 to ϳ69%) endocytosis of Siglec-F, we conclude that both tyrosine-based motifs are required for optimal endocytosis of Siglec-F. In contrast to the mutations in the cytoplasmic domain, an Arg-to-Ala mutation of the conserved arginine residue required for sialoside binding (3) showed no effect on internalization of Siglec-F, suggesting that ligand-binding activity is not directly involved in the endocytosis of Siglec-F (data not shown), as reported previously for endocytosis of CD22 (87) . Siglec-F is not colocalized with clathrin domains. Since the Siglec-F tyrosine-based motifs (YxxI/L) conform to the binding sites for clathrin-associated adapter complex 2 (AP2) and CD22 had previously been demonstrated to localize predominantly in clathrin domains (23), we investigated the localization of clathrin and Siglec-F on mouse eosinophils and SigF-CHO cells. Fixed cells were first stained with anti-Siglec-F MAb and AF555-labeled (60) anti-rat IgG. Cells were then permeabilized and stained with anti-clathrin MAb and AF488-labeled (green) anti-mouse IgG. As shown in Fig. 3 , on both mouse eosinophils and SigF-CHO cells anti-Siglec-F staining appeared punctate and did not overlap with anticlathrin staining. Staining of mouse eosinophils or SigF-CHO cells with antiSiglec-F and secondary antibody prior to fixation and permeabilization also showed no association with clathrin (data not shown).
Endocytosis of Siglec-F and CD22 results in sorting to different intracellular compartments. To further assess the absence of Siglec-F and clathrin localization, the internalization of Siglec-F was followed by confocal fluorescence microscopy and compared to that of CD22 and transferrin (Tf) receptor, which is known to be mediated by a clathrin-mediated mechanism (46) . SigF-CHO, CD22-CHO, and parental CHO cells were grown on coverslips and were labeled with PE-antiSiglec-F MAb, FITC-anti-CD22 MAb, and AF488-Tf, respec- tively, and allowed to internalize at 37°C for various times over a 60-min period. Slides were then fixed for microscopy. As shown in Fig. 4a , all three proteins were diffusely localized at time zero (4°C). Within 15 min of warming to 37°C, Tf was clearly observed in early endosomes and the tubules of the recycling compartment, visible as a bright spot near the nucleus as reported previously (46) . CD22 exhibited visually identical localization as the Tf receptor with slightly delayed kinetics. In contrast, anti-Siglec-F endocytosed at a much reduced rate and accumulated in intracellular compartments with a lysosomal appearance visually distinct from Tf and anti-CD22 staining. The labeling at 60 min was a result of intracellular staining for all three proteins since there was no change in appearance if cells were subjected to a low-pH wash (0.2 M glycine, pH 2.0) prior to fixation.
To better characterize the intracellular localization of endocytosed CD22 and Siglec-F, we investigated their localization in relationship to Tf, a marker for the early endosome and recycling compartments, and anti-Syntaxin-8, a marker for late endosomes and lysosomes (5, 55, 76) . As expected, CD22 was predominantly colocalized with Tf in early endosomes and recycling compartments, with negligible colocalization with the lysosomal marker Syntaxin-8 (Fig. 4b) . The results are consistent with endocytosis occurring by a clathrin-mediated mechanism. In contrast, anti-Siglec-F was predominantly colocalized with anti-Syntaxin-8 and another lysosomal marker, anti-LAMP2 (not shown), and exhibited minimal colocalization with Tf. Endocytosed anti-Siglec-F also partially colocalized with the early endosomal marker anti-EEA-1 but not with anti-clathrin or anti-AP2 (data not shown). The results indicate that Siglec-F and CD22 are sorted to different intracellular compartments, with Siglec-F being predominantly sorted to lysosomes.
The effect of tyrosine-based motifs on endocytosis of Siglec-F was confirmed by confocal fluorescence microscopy. While anti-Siglec-F showed predominantly intracellular punctate staining in CHO cells expressing WT Siglec-F, cells expressing the double-tyrosine mutant (Y538/561F) showed only diffuse surface staining that was removed with a brief low-pH wash (not shown). that high-affinity sialoside ligands could compete with cis ligands, bind to CD22 on native B cells, and serve as a ligand-based marker of CD22 endocytosis (22) . The ligand was comprised of a high-affinity synthetic ligand of CD22, 9-biphenylcarboxylNeuAc␣2-6Gal␤1-4GlcNAc (BPC-NeuAc-LN), attached to a 1,000-kDa PAA (74) backbone. To determine if CD22 and Siglec-F carry sialoside ligands to the same compartments as their respective anti-siglec antibodies, we sought to prepare an analogous sialoside ligand for Siglec-F. We previously reported that the preferred glycan ligand for Siglec-F is 6Ј-sulfo-sLe (71) . However, Siglec-F appears to be masked to synthetic 30-kDa PAA probes containing this sequence unless the cells are treated with sialidase to destroy cis ligands, a general property of the siglec family (25, 47, 58, 59, 78) . To create high-avidity probes for Siglec-F, 6Ј-sulfo-sLe X was attached to the 1,000-kDa-molecular-mass PAA along with 5% biotin to allow detection with streptavidin (74) . A standard enzyme-linked immunosorbent assay using immobilized Siglec-F-Fc chimera showed that the resulting 1,000-kDa 6Ј-sulfo-sLe X -PAA probe bound with much higher binding avidity than did the standard 30-kDa 6Ј-sulfo-sLe X -PAA probe (data not shown), indicating that the increased multivalency did increase binding avidity for Siglec-F. The 6Ј-sulfo-sLe X -PAA probes (30 kDa and 1,000 kDa) were then compared for their abilities to compete with cis ligands and bind to native eosinophils and SigF-CHO cells, as illustrated in Fig. 5a . As found earlier, the 30-kDa probe failed to bind to native cells but bound only to the sialidase-treated (asialo) cells (71) . In contrast, the 1,000-kDa probe bound to native cells as well, demonstrating that the 1,000-kDa 6Ј-sulfosLe X -PAA probe can effectively compete with cis ligands on both mouse eosinophils and SigF-CHO cells. Blocking with anti-Siglec-F MAb inhibited binding of the sialoside probe to the cells (Fig. 5b) , indicating that the binding is not due to a nonspecific interaction (71) . No binding of a control 1,000-kDa lactose-PAA probe was observed.
Siglec-F and CD22 mediate endocytosis of glycan ligands to different subcellular compartments. Using the high-affinity sialoside probes that can bind to Siglec-F and CD22 on native cells, we compared their abilities to internalize and traffic their respective sialoside probes to intracellular compartments (Fig.  6 ). Cells were incubated with the appropriate 1,000-kDa biotinylated sialoside-PAA probe on ice for 60 min followed by incubation with PE-Cy5-streptavidin on ice for an additional 30 min. The cells were then shifted to 37°C, and the degree of probe internalization assessed before and after low-pH wash was measured by flow cytometry at various times. As shown in Fig. 6a , CD22-CHO cells efficiently internalized the BPCNeuAc-LN-PAA probe. Similarly, the 6Ј-sulfo-sLe X -PAA probe was internalized by Siglec-F on SigF-CHO cells with somewhat slower kinetics, as seen for the anti-Siglec-F antibody (Fig. 3) . No binding or internalization was observed with the control 1,000-kDa lactose-PAA by either CD22-CHO or Siglec-F-CHO cells (data not shown). No binding or internalization was observed for either the 1,000-kDa BPC-NeuAc-LN-PAA or 6Ј-sulfo-sLe X -PAA probe with untransfected CHO cells (data not shown).
CD22 and Siglec-F sort glycan ligands to the same intracellular compartments as their respective antibodies. Endocytosis of sialoside probes was investigated by confocal fluorescence microscopy (Fig. 6b) . Cells grown on coverslips were incubated with the biotinylated 1,000-kDa sialoside-PAA probe on ice for 60 min. After washing, cells were incubated with Qdot655-streptavidin on ice for 30 min and allowed to internalize at 37°C. After 60 min at 37°C, CD22 had carried the 1,000-kDa BPC-NeuAc-LN-PAA probe (CD22-L) to the early endosome/recycling compartments marked by Tf. In contrast, Siglec-F carried the 1,000-kDa 6Ј-sulfo-sLe X -PAA probe (SigF-L) to lysosomes labeled with anti-LAMP2. These results indicate that the glycan ligand is sorted to the same intracellular compartment as is antibody. Endocytosis of Siglec-F is dynamin-1 independent. To further investigate the mechanism of endocytosis, we evaluated the dependence on dynamin-1. Dynamin-1 is a large GTPase that regulates vesiculation events at the plasma membrane for several clathrin-dependent and clathrin-independent endocytic pathways (24) . Expression of a dominant-negative dynamin-1 mutant (Dyn1-K44A) inhibits both clathrin-and caveolin-mediated endocytic pathways (28, 35, 40, 51) . Internalization of Tf and anti-CD22 was virtually inhibited by Dyn1-K44A, but not by WT dynamin-1 (Dyn1-WT), whereas that of anti-Siglec-F was not inhibited by the expression of either Dyn1-K44A or Dyn1-WT (Fig. 7) . These results indicate that endocytosis of CD22 is dynamin dependent, characteristic of a clathrin-mediated pathway, whereas endocytosis of Siglec-F is dynamin independent. Endocytosis of Siglec-F is ARF6 dependent. ARF6 is a small GTPase that regulates the movement of endosomes between the plasma membrane and a non-clathrin-derived endosomal compartment (56) . ARF6 regulates clathrin-and caveolin-independent endocytosis (2, 4, 17, 48, 49, 56) . Trafficking of these molecules is blocked by a constitutively active ARF6 mutant (ARF6-Q67L) and results in accumulation in vacuole-like structures (17) . Although expression of WT and a constitutively inactive ARF6 mutant (ARF6-T27N) had no effect on the internalization of anti-Siglec-F, expression of ARF6-Q67L inhibited trafficking of anti-Siglec-F to the lysosomal compartment (Fig. 8) . Instead, anti-Siglec-F appears to be associated with vacuole-like structure, indicating that endocytosis of Siglec-F is affected by ARF6. Recently, flotillin-1 was reported to define a clathrin-independent endocytic pathway (33). However, no colocalization or internalized anti-Siglec-F with antiflotillin-1 was observed (data not shown).
Cholesterol, tyrosine kinases, and intact actin cytoskelton are required for endocytosis of Siglec-F. To better understand the mechanism of endocytosis of Siglec-F, we investigated the effects of various agents known to affect endocytic processes (Fig. 9) . SigF-CHO cells were pretreated with the agent at 37°C for 30 min. PE-anti-Siglec-F was then allowed to internalize at 37°C for 1 h in the continued presence of the agent. After residual cell surface antibody was removed by a brief low-pH wash (0.2 M glycine buffer, pH 2.0), the level of internalized PE-anti-Siglec-F was compared to the level in untreated cells, as shown in Fig. 9a for the cholesterol depletion agent CD. For each agent, the degree of internalization relative to no agent (using mean channel fluorescence) is summarized in Fig. 9b and c. The CD treatment showed 92% inhibition of internalization relative to the internalization in untreated cells (Fig. 9b) , suggesting that cholesterol is required for internalization of Siglec-F. However, the cholesterol-sequestering agent nystatin, which inhibits endocytic pathways involving lipid rafts and caveolin, caused no inhibition at a concentration of 50 g/ml (61). Inhibitors of actin cytoskeleton polymerization (latrunculin A and jasplakinolide) and microtuble polymerization (nocodazole) showed partial (40 to 50%) inhibition. Although genistein (general tyrosine kinase inhibitor) strongly inhibited internalization (87% inhibition), little or no effect was observed by PP2 (Src family kinase inhibitor). Amiloride, a macropinocytosis inhibitor, showed no inhibitory effect, rather increased the internalization of Siglec-F. In CHO cells, clathrin-mediated endocytosis is known to be insensitive to treatments with CD and genistein, so inhibition of Siglec-F endocytosis by these agents is further evidence that the process is clathrin independent (21) . Similarly, caveolin-mediated endocytosis is sensitive to the treatment with PP2 (21), so lack of inhibition of Siglec-F endocytosis by PP2 supports a caveolinindependent mechanism.
Endocytic pathway of Siglec-F can mediate uptake of sialylated bacteria. Having shown that Siglec-F mediates internalization of antibody and synthetic sialoside probe, we investigated whether the endocytic machinery of Siglec-F expressed in nonphagoctic CHO cells can mediate uptake of Neisseria meningitidis MC58 with (MC58cap ϩ ) or without (MC58cap Ϫ ) capsule. MC58cap
Ϫ expresses LOS (31) with a terminal NeuAc␣2-3Gal␤1-4GlcNAc sequence, whereas MC58cap ϩ expresses, in addition to the LOS, a polysialic acid capsule [(NeuAc␣2-8NeuAc) n ] (80). The former sequence is recognized as a weak ligand by Siglec-F, while the latter is not recognized (3, 71) . SigF-CHO cells pretreated with or without sialidase were incubated with fixed FITC-labeled bacteria on ice for 30 min and allowed to internalize at 37°C for 60 min. Noninternalized bacteria were removed with PBS/BSA wash and were confirmed to be internalized by resistance to ethidium bromide quenching of fluorescence (not shown). While neither the MC58cap Ϫ or MC58cap ϩ bacteria were internalized in untreated SigF-CHO cells (Fig. 10) , MC58cap
Ϫ was selectively internalized by cells treated with sialidase treatment to destroy cis interactions of Siglec-F with the NeuAc␣2-3Gal linkages known to be expressed by CHO cells. No internalization of N. meningitidis was observed in control CHO cells. These results indicate that endocytic machinery of Siglec-F is capable of internalizing bacteria containing a terminal sialoside sequence on a cell surface glycolipid that is recognized as a ligand.
DISCUSSION
While the siglec proteins are best known as a family of sialic acid-specific lectins that regulate cell-signaling receptors and mediate cell-cell interactions (25, 26, 78) , they are increasingly recognized for endocytic activity that can link to their cell surface functions (9, 22, 50, 57, 64, 75, 77, 81, 84, 87) . Results presented in this report confirm and extend the suggestion that endocytosis of CD22 occurs by a clathrin-dependent mechanism mediated by tyrosine-based motifs (22, 34, 37) and show that CD22 is transported to early endosomes and para-Golgi recycling compartments. In contrast, the CD33-related siglec, Siglec-F, undergoes endocytosis dependent on intact cytoplasmic tyrosine residues, but by a clathrin-independent mecha- nism, and is sorted to lysosomes. The different endocytic mechanisms of these two siglec proteins reflect the divergence in their functions in B cells and eosinophils, respectively. Anti-CD22 antibody and sialoside ligands endocytosed by CD22 colocalize to early endosomes and recycling compartments with the Tf receptor, well documented to be an internalized clathrin-dependent mechanism (46) . Moreover, endocytosis is dependent on the dynamin-1 GTPase required for clathrin-mediated vesicle formation (24) . Clathrin-dependent endocytosis of CD22 is consistent with its activity as a regulator of BCR signaling since the endocytosis of the BCR is also predominantly clathrin dependent and required for dampening of BCR signaling (70) . It is of interest that the CD22 ITIMs involved in recruitment of SHP-1 are the same tyrosine motifs that mediate binding of the clathrin adaptor protein AP2 (37) . However, while tyrosine phosphorylation is required for SHP-1 binding, phosphorylation blocks binding of AP2, suggesting an inverse regulation of these two activities (37) . Rapid mobilization of CD22 to the cell surface following BCR ligation is consistent with redistribution of an intracellular pool of CD22 localized in the para-Golgi recycling compartment shared by other recycling receptors (82) . Conversely, CD22 antibody induces rapid endocytosis of CD22 to the same compartment, reaching a plateau of 60 to 70% internalized. This redistribution is achieved without increased degradation (64, 87) and has been suggested to be consistent with redistribution of CD22 to an intracellular recycling pool (73) . Elegant studies by Shan and Press (64) earlier suggested that the constitutive endocytosis of CD22 was terminal, leading to degradation with a half-life of ϳ8 h without recycling to the cell surface. However, given the slower kinetics of CD22 endocytosis relative to the Tf receptor (Fig. 4a) , recycling of CD22 from the intracellular pool might also be slower, and it is possible that recycling was not observed over the time course sufficient to demonstrate recycling of the Tf receptor.
In contrast to CD22, Siglec-F endocytosis traffics to lysosomal compartments by a mechanism that is clathrin, caveolin, and dynamin-1 independent. The endocytic pathway utilized by Siglec-F appears to be similar to that utilized by major histocompatibility complex class 1 (MHC-1), and several other leukocyte receptors including interleukin-2 receptor ␣ subunit (Tac), E-cadherin, integrins, and CD59 (2, 4, 17, 48, 49, 56) . In this pathway, receptors are first sorted to ARF6-positive endosomes, which then fuse with early endosomes derived from clathrin-cargo, before being sorted to late endosomes and lysosomes. As shown for Siglec-F (Fig. 6) , expression of the ARF6-Q67L mutant, which blocks fusion of ARF6-positive endosomes with early endosomes, results in the accumulation of receptors in vacuole-like structures (49) . The requirement for tyrosine-dependent endocytosis of Siglec-F has also been demonstrated for MHC-1 (42, 63) , although the exact role of this sequence in the endocytic mechanism remains to be defined.
As recently shown by Zhang et al. (86) , Siglec-F negatively regulates eosinophil responses to allergens. The endocytic pathway utilized by Siglec-F is also suggestive of receptors whose function is to deliver cargo to lysosomes for degradation and thus may also function as an innate immune receptor related to bacterial clearance or antigen presentation, as proposed for Siglec-H, another CD33-related siglec expressed on plasmacytoid dendritic cell precursors (84) . Clinical and experimental investigations have shown that eosinophils can function as antigen-presenting cells that can process microbial, viral, and parasitic antigens and migrate to lymph nodes to present antigens to CD4 ϩ T cells, thereby promoting T-cell proliferation and polarization (29, 44, 65, 66) . It was reported recently that Siglec-F is highly expressed on CD11c ϩ lung macrophages (52) . We also found that Siglec-F is expressed on alveolar macrophages, bone marrow-derived dendritic cells, and bone marrow-derived macrophages (data not shown).
Recent reports on other members of the siglec family also suggest that they may function as receptors for clearance of pathogens as part of the innate immune response. For example, Sn and Siglec-5 bind to and internalize the invasive human pathogen Neisseria meningitidis, expressing sialylated lipopolysaccharides containing the NeuAc␣2-3Gal linkage in a sialic acid-dependent manner even in the presence of cis ligands (38) . As shown in this report, Siglec-F can also mediate uptake of Neisseria meningitidis expressing sialylated lipooligosaccharides containing the NeuAc␣2-3Gal linkage recognized as a ligand by Siglec-F (3, 71) . Sn was also found to mediate association of macrophages with Trypanosoma cruzi, a parasite expressing cell surface sialic acids (45) , and porcine Sn was shown to mediate the entry of porcine reproductive and respiratory viruses into porcine alveolar macrophages (30, 77) . Thus, bacteria, parasites, and viruses expressing sialic acids on their cell surfaces are likely to be natural trans ligands of siglec proteins (20, 79) . The diversity of interactions of siglec proteins with sialylated pathogens suggests that they may play multiple roles in their interactions with immune cells (8, 18, 30, 38, 45) .
The roles emerging for the rapidly evolving siglec family reflect diverse functions resulting from their varied specificity for sialylated ligands by the N-terminal Ig domain and regulatory motifs in their cytoplasmic domains that regulate cell signaling receptors and endocytosis. As documented in this report, two siglec proteins of unrelated function, CD22 and Siglec-F, exhibit clathrin-dependent and clathrin-independent mechanisms of endocytosis, both of which require intact cytoplasmic tyrosine-based motifs.
Since Siglec-F is a typical CD33-related siglec that shares highly conserved cytoplasmic tyrosine-based motifs, we predict that other CD33-related siglec proteins show similar endocytic properties to Siglec-F. While there is no clear human ortholog of Siglec-F, human Siglec-8 is considered a functionally convergent paralog due to its restricted expression on eosinophils and unique specificity for the sialoside ligand 6Ј-sulfo-sLe X (11, 71) . Thus, it will be of particular interest to see if the functional convergence of Siglec-F and Siglec-8 extends to their mechanisms of endocytosis. However, it is premature to generalize the mechanisms of endocytosis for the siglec family. For example, some CD33-related siglec proteins such as Siglec-H and Siglec-14 lack cytoplasmic tyrosine-based motifs, but they associate with the DAP12 coreceptor that contains a cytoplasmic immunoreceptor tyrosine-based activation motif (ITAM) (10, 84) . Thus, siglec proteins may undergo endocy- tosis by yet other mechanisms than those of CD22 and Siglec-F described here. It is likely that a better understanding of the endocytic mechanisms of the siglec proteins will provide insights into their biological roles.
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